was measured using a colorimetric assay. Stability of the chemokine mRNAs was examined in cells incubated with actinomycin D. The activities of the CCL5 promoter and the transcription factors NF-κB and IRF-3 were assessed using luciferase reporter assays. Results: Treatment of BEAS-2B cells with FP significantly and dose-dependently (10 -9 to 10 -6 M ) inhibited dsRNA-induced expression of CCL5, CXCL8 and CXCL10 protein and mRNA, but did not affect mRNA stability. FP also significantly inhibited dsRNA-stimulated CCL5 promoter activity. However, FP had no effect on the activity of HDAC or the nuclear translocation of NF-κB and IRF-3. Conclusions: FP inhibits the dsRNA-stimulated expression of inflammatory chemokines in airway epithelial cells. FP may act by inhibiting chemokine transcription through an as yet unidentified mechanism.
virus-induced accumulation of inflammatory cells in the airway [1, 2] . Chemokines are a family of small secreted proteins that have potent chemoattractant activity. They are known to be expressed in the airway epithelium and to attract inflammatory cells into the airway during respiratory viral infections. CCL5, also known as RANTES (regulated upon activation normal T cells expressed and secreted), is a chemokine that attracts a number of inflammatory cells including eosinophils into the airways. The increased expression of CCL5 in airway epithelial cells may contribute to the prolonged eosinophilic inflammation and asthma exacerbation observed following infection with viruses such as human rhinovirus (HRV), respiratory syncytial virus (RSV) and influenza virus [3, 4] . Toll-like receptors (TLRs) are a family of receptors that recognize a variety of microbial molecules collectively known as pathogen-associated molecular patterns (PAMPS). TLRs play important roles in host defense and contribute to the pathogenesis of certain diseases. TLR3 recognizes double-stranded RNA (dsRNA) synthesized by cells infected with RNA viruses. Airway epithelial cells are known to express TLR3 and bind viral RNA [5] [6] [7] . We have previously reported that dsRNA stimulates the expression of inflammatory chemokines, including CCL5/RANTES, CXCL8/IL-8 and CXCL10/IP-10, in airway epithelial cells through binding to TLR3 [8, 9] . Stimulation of chemokine secretion occurred, in part, through the activation of the transcription factors nuclear factor-kappa B (NF-κB) and interferon regulatory factor 3 (IRF-3). Although the role of TLR3 in airway inflammation in asthmatic patients is not clear, a recent study using a mouse model suggested that TLR3 may contribute to the exacerbation of asthma caused by viral dsRNA [10] .
Glucocorticoids are known to have potent anti-inflammatory actions. Inhalation of corticosteroids is an effective and widely used treatment for asthma [11] , but the efficacy of inhaled corticosteroids in the prevention of asthma exacerbation caused by viral infection is not clear. Several reports have shown that glucocorticoids inhibit the expression of inflammatory chemokines induced by viral infection of airway epithelial cells in vitro [12, 13] . In this study, we examined the effects of the glucocorticoid fluticasone propionate (FP) on the expression of inflammatory chemokines in cultured airway epithelial cells, and investigated the molecular mechanism of action of FP in these cells.
Material and Methods
Cell Culture and Reagents BEAS-2B is a human airway epithelial cell line transformed with an adenovirus 12-SV40 virus hybrid. We purchased it from the American Type Culture Collection (Manassas, Va., USA). The cells were cultured in DMEM/F12 medium supplemented with 10% FBS, 100 U/ml penicillin and 100 ng/ml streptomycin (Invitrogen, Tokyo, Japan) and maintained at 37 ° C in a humidified 5% CO 2 atmosphere. Cells were treated as described previously [8, 9] . The synthetic dsRNA, poly IC, and the glucocorticoid, FP, were from Sigma-Aldrich (Tokyo, Japan). Recombinant human TNF-α was from R&D Systems (Tokyo, Japan). Firefly luciferase reporter plasmids containing multiple binding sites for NF-κB (pNF-κB-Luc) or IRF-3 (pISRE-Luc) were purchased from BD Biosciences (Tokyo, Japan). The firefly luciferase reporter plasmid containing an 884-bp fragment of the promoter region of the wild-type CCL5/RANTES gene (pRANT-WT) was a kind gift from Dr. Tomas J. Schall. The assay kit for measurement of histone deacetylase (HDAC) activity was purchased from Biomol (Farmingdale, N.Y., USA).
Chemokine ELISA Assays
The concentrations of CXCL8, CXCL10 and CCL5 in cell culture supernatants were measured using enzyme-linked immunosorbent assay (ELISA) kits (R&D Systems), as described previously [9] . Standards and samples were added to 96-well microtiter plates coated with the appropriate anti-chemokine antibody. After incubation at room temperature for 2 h, each well was washed 5 times with wash buffer. A biotinylated chemokine-specific antibody and horseradish peroxidase-avidin conjugate were added to the wells and incubated at room temperature for 1 or 2 h. The wells were washed 7 times with wash buffer. Substrate solution (stabilized hydrogen peroxide and tetramethylbenzidine) was added to each well, and the plate was incubated at room temperature for 20 or 30 min. Sulfuric acid was added to arrest the reaction, and the absorbance at 450 nm was measured using an ELISA plate reader.
Real-Time PCR
Purification of RNA and synthesis of cDNA were performed as described previously [9] . Predesigned TaqMan probe sets for CCL5, CXCL8 and CXCL10 were purchased from Applied Biosystems (Tokyo, Japan). Each probe was labeled with a fluorescent reporter dye (FAM) at the 5 ′ end and a downstream quencher dye (TAMRA) at the 3 ′ end. TaqMan Ribosomal RNA probe, which is labeled with a fluorescent reporter dye (VIC), was used as an internal control. Each reaction consisted of 2X Universal Master Mix (Applied Biosystems), primers, labeled probes and 50 ng cDNA in a total volume of 25 μl. Amplification conditions consisted of an initial incubation at 95 ° C for 10 min followed by 40 cycles of 95 ° C for 15 s and 60 ° C for 1 min. Amplification and fluorescence measurements were carried out during the elongation step with an ABI PRISM 7700 Sequence Detection System (Applied Biosystems). Data are shown as fold induction of mRNA compared with nonstimulated control cells. 
Assay of Histone Deacetylase Activity
Histone deacetylase (HDAC) activity was measured in nuclear extracts using an HDAC Colorimetric Activity Assay/Drug Discovery kit (Biomol). BEAS-2B cells were harvested from culture and nuclear proteins were extracted. The extracts were incubated at 37 ° C for 30 min with 1 m M of the commercial HDAC substrate in a total volume of 50 μl. After the incubation, 50 μl of the developer solution containing 2 μ M of the HDAC inhibitor trichostatin A (TSA) was added, and the samples were incubated at 37 ° C for 10 min. The deacetylated substrate reacts with the kit developer and produces a yellow color. A standard curve was constructed with dilutions of the deacetylated standard. Absorbance at 405 n M was measured using a microtiter plate reader. HDAC activity was expressed as μ M after plotting the absorbance against the concentration of deacetylated standard. HeLa nuclei contained in the kit were used as positive control samples.
Transcription Factor Nuclear Translocation Assay
Nuclear proteins were extracted from BEAS-2B cells as previously described [14] . Translocation of NF-κB and IRF-3 was monitored by Western blot analysis of nuclear extracts, as described previously [15] . Proteins in nuclear extracts were resolved by performing 10% Tris-glycine gradient gel electrophoresis (Novex, San Diego, Calif., USA) and transferred to nitrocellulose membranes (Schleicher & Schuell, Dassel, Germany). The membranes were blocked using 5% nonfat milk powder in TBST (50 m M Tris, 0.15 M NaCl and 0.05% Tween 20), incubated with 1 μg/ml rabbit anti-NF-κB or anti-IRF-3 antibody (Cell Signaling Technology, Tokyo, Japan) in TBST for 3 h, washed with TBST, and then incubated with a secondary horseradish peroxidase-conjugated antirabbit Ig antibody (Amersham Biosciences, Tokyo, Japan) for 1 h. After extensive washing with TBST, the membranes were incubated with a chemiluminescent substrate (ECL Western blot detection system, Amersham Biosciences) and subjected to autoradiography.
Transient Transfections and Luciferase Assays
BEAS-2B cells were transfected with the luciferase reporter plasmids pNF-κB-Luc, pISRE-Luc and pRANT-WT, as described previously [8, 9] , and incubated for 24 h. The cells were then incubated with combinations of vehicle, dsRNA, TNF-α, FP and DMA for 24 h. The cells were harvested and stored at -80 ° C until tested using the Dual-Luciferase Assay system (Promega, Tokyo, Japan). The firefly luciferase activity of each sample was normalized to the renilla luciferase activity, and activity was expressed as fold induction relative to the appropriate control sample.
Statistical Analysis
Data are expressed as the mean ± standard error of the mean (SEM). Statistical differences were determined by analysis of variance with the Fisher PLSD post hoc test. The data were analyzed with StatView IV software (Abacus Concepts, Berkeley, Calif., USA). 
Results

Inhibition of Chemokine Protein Production by FP
We first examined the effects of FP on chemokine secretion by BEAS-2B cells stimulated with the synthetic dsRNA poly IC. The cells were preincubated with 10 -10 to 10 -6 M FP for 30 min and then stimulated with 50 μg/ml poly IC for 24 h. FP decreased the production of CCL5, CXCL8 and CXCL10 in a dose-dependent manner ( fig. 1 ) . The FP vehicle DMA had no effect on chemokine production. The inhibitory effects of FP were statistically significant at concentrations between 10 -9 and 10 -6 M (p < 0.05 compared with DMA-treated cells) ( fig. 1 ) .
Inhibition of Chemokine mRNA Expression by FP
Preincubation of BEAS-2B cells with FP for 30 min reduced the poly IC-stimulated increase in CCL5, CXCL8 and CXCL10 mRNA levels ( fig. 2 ) . The inhibitory effects of FP were statistically significant at concentrations between 10 -9 and 10 -6 M (p < 0.05 compared with DMAtreated cells) ( fig. 2 ) . These results are consistent with the observed effects of FP on chemokine protein production, indicating that the block in chemokine expression occurs at the mRNA level.
Effects of FP on the Stability of Chemokine mRNA
To determine whether FP affects chemokine mRNA stability, BEAS-2B cells were stimulated with poly IC in the presence of FP or DMA for 8 h, and then further transcriptional activity was blocked by the addition of actinomycin D. The decay in chemokine mRNA was then examined over the following 24 h. CCL5, CXCL8 and CXCL10 mRNA levels decreased following the treatment with actinomycin D ( fig. 3 ) . However, there was no significant difference in the decay rate in cells treated with dsRNA plus FP or with dsRNA plus DMA. These data indicate that FP had no effect on chemokine mRNA stability, and therefore suggest that FP may block dsRNAstimulated chemokine production at the transcriptional level.
Role of HDAC in the Inhibitory Effects of FP
Histone acetylation is an important epigenetic modulator of gene expression. We hypothesized that FP might act on BEAS-2B cells by increasing HDAC activity, thereby reversing histone acetylation and repressing gene transcription. However, incubation of BEAS-2B cells with FP did not affect HDAC activity in either unstimulated or dsRNA-stimulated cells ( fig. 4 a) . To confirm that HDAC is not involved in the effects of FP, we blocked HDAC activity by the treatment of cells with TSA. We first confirmed that the TSA used in our experiments was able to suppress HDAC in HeLa-derived nuclei ( fig. 4 b) . However, treatment of BEAS-2B cells with TSA did not reverse the inhibitory effects of FP on dsRNA-stimulated chemokine secretion ( fig. 5 ). These 
Effects of FP on Nuclear Translocation of Transcription Factors
We next examined whether FP interfered in the activation of NF-κB and IRF-3, which have previously been shown to be key transcriptional activators of CCL5, CXCL8 and CXCL10 expression in response to dsRNA stimulation [8, 9] . The translocation of NF-κB and IRF-3 into the nuclei of BEAS-2B cells was monitored by Western blotting of nuclear extracts following cell stimulation with poly IC. Peak translocation was observed after 120 min stimulation with dsRNA ( fig. 6 ). Unexpectedly, we found that FP treatment had no effect on the nuclear translocation of either NF-κB or IRF-3 at 120 min after the addition of dsRNA ( fig. 7 ) . TNF-α was used as the positive control for NF-κB activation.
Inhibition of CCL5 Promoter Activity by FP
Finally, we examined the effect of FP on the transcriptional regulation of chemokine expression using luciferase reporter plasmids. Consistent with the lack of effect on nu- clear translocation of NF-κB and IRF3, we found that FP did not inhibit dsRNA-stimulated activity of the NF-κB and IRF-3 luciferase reporter constructs ( fig. 8 a, b) . However, FP had a moderate but statistically significant inhibitory effect on dsRNA-and TNF-α-stimulated CCL5 promoter activity ( fig. 8 c) . These data suggest that FP inhibits chemokine production via a transcriptional mechanism.
Discussion
We showed here that the glucocorticoid FP significantly suppressed dsRNA induction of inflammatory chemokines in airway epithelial cells and that the effect of FP was mediated, at least in part, by inhibiting chemokine mRNA expression. However, we could not detect an effect of FP on several well-known mechanisms of glucocorticoid action, including destabilization of mRNA, activation of HDAC activity and direct inhibition of nuclear translocation of the transcription factors NF-κB and IRF-3 [11, 16] . On the other hand, we found that FP suppressed the dsRNA-stimulated increase in CCL5 promoter activity, indicating that it may inhibit the transcription of chemokines induced with dsRNA using other, less well-characterized mechanisms.
Glucocorticoids suppress the expression of multiple inflammatory genes via several different molecular mechanisms. For example, they recruit HDAC to acetylated gene complexes and thereby prevent transcription. They also inhibit nuclear translocation of transcription factors that activate target gene transcription. Several reports have shown that glucocorticoids inhibit TLR3 signaling through the inhibition of phosphorylation of transcription factors [17, 18] . It has also been reported that they decrease the stability of mRNA. However, our data are inconsistent with these reported mechanisms of action. There are several possible reasons for this discrepancy, including differences in cell type, genes of interest and experimental conditions. Others have reported that glucocorticoids inhibit mitogen-activated protein (MAP) kinase activity and subsequent target gene expression by inducing MAP kinase phosphatase 1 [11, 16] . However, activation of MAP kinase does not appear to be involved in dsRNA induction of inflammatory chemokines in the airway epithelial cells used in our experiments [9] .
Our data indicate that FP inhibits CCL5 transcription in airway epithelial cells stimulated with dsRNA; however, FP did not inhibit the nuclear translocation of NF-κB or IRF-3. These results suggest that FP may interfere with the interactions between transcription factors and cofactors specific for the chemokine promoter. Glucocorticoids are known to interact with transcriptional coregulators, including glucocorticoid receptor-interacting protein 1 (GRIP1) [19] . GRIP1 binds to transcription factors, including NF-κB and IRF-3, and coactivates target gene transcription. Interactions between GRIP1 and p-TEFb (positive-transcription elongation factor b) enhance gene transcription after transcription factors have bound to the promoter region [20, 21] . Further studies are needed to clarify the molecular mechanisms underlying the effects of FP observed in this report, although it is possible that FP may interfere with the function of transcriptional coregulators. In support of this, we have observed that pTEFb is involved in the induction of inflammatory chemokines in dsRNA-stimulated airway epithelial cells (data not shown).
Numerous clinical studies have shown that treatment with inhaled corticosteroids reduces exacerbations in patients with asthma. However, inhaled corticosteroids do not significantly improve the course of illness in virusinfected asthma patients [1, 22] . This observation contrasts with those of other studies, including ours, which show that glucocorticoids have potent anti-inflammatory effects in systems using virus or viral RNA in vitro [12, 13] . One reason for this discrepancy may be that glucocorticoids suppress the host defense, including production of the anti-viral cytokine interferon. An ideal therapy for virus-induced asthma would thus balance the antiinflammatory effects of glucocorticoids with the need to maintain the host defense [2, 23] . Understanding the molecular mechanisms underlying the anti-inflammatory effects of glucocorticoids may thus contribute to improved therapies for asthma.
